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Summary
Ca2+ signals regulate polarization, speed, and turning of
migrating cells [1–4]. However, the molecular mechanism
by which Ca2+ acts on moving cells is not understood.
Here we show that local Ca2+ pulses along the front of
migrating human endothelial cells trigger cycles of retrac-
tion of local lamellipodia and, concomitantly, strengthen
local adhesion to the extracellularmatrix. TheseCa2+ release
pulses had small amplitudes and diameters and were trig-
gered repetitively near the leading plasma membrane with
only little coordination between different regions. We show
that each Ca2+ pulse triggers contraction of actin filaments
by activatingmyosin light-chain kinase andmyosin II behind
the leading edge. The cyclic force generated by myosin II
operates locally, causing a partial retraction of the nearby
protruding lamellipodia membrane and a strengthening of
paxillin-based focal adhesion within the same lamellipodia
[5–7]. Photo release of Ca2+ demonstrated a direct role of
Ca2+ in triggering local retraction and adhesion. Together,
our study suggests that spatial sensing, forward movement,
turning, and chemotaxis are in part controlled by confined
Ca2+ pulses that promote local lamellipodia retraction and
adhesion cycles along the leading edge of moving cells.
Results and Discussion
We investigated the role of Ca2+ signals in cell migration using
a wound-healing model of human umbilical vein endothelial
cells (HUVEC). Ca2+ signals in these cells primarily result
from receptor-mediated activation of phospholipase C and
InsP3-mediated Ca
2+ release [8, 9]. A band of cells in
a confluent monolayer was removed with a Delrin tip (see
Figures S1A–S1C available online) [10], allowing leader cells
at the monolayer border to migrate into the open space by
protruding local lamellipodia along their front (Figure 1A).
Using the ratio Ca2+ indicator Fura-2, we observed local Ca2+
pulses within and near these lamellipodia (Figure 1A). Peak
concentrations remained typically below 80 nM, much lower
than the 300 nM to mM amplitudes of cell-wide Ca2+ oscilla-
tions triggered by histamine stimulation [8]. Consistent with
local Ca2+ signals resulting from pulsed local Ca2+ release
through endoplasmic reticulum localized InsP3 receptors
[11, 12], removing external Ca2+ by addition of the Ca2+
chelator EGTA alone did not stop Ca2+ pulses for several
minutes (Figure 1B). Given the small amplitudes of the Ca2+
pulses, we did a number of control experiments to exclude
motion and other artifacts. A contour line scan analysis*Correspondence: tobias1@stanford.edushowed that local intensity changes were not observed when
we used a fluorophore similar to Fura-2 that does not change
its ratio intensity for small Ca2+ changes (Mag-Fura-2) (Fig-
ure 1C) or when Ca2+ influx and release were blocked by addi-
tion of the Ca2+ chelator EGTA and the Ca2+ pump inhibitor
thapsigargin (Figure S1D).
High-frequency live-cell imaging (every 300 ms) with statis-
tical analysis showed that Ca2+ pulses were triggered stochas-
tically along the front with the median amplitude of 12 nM
above basal Ca2+ level, duration of 17 s, and diameter of
3.8 mm (autocorrelation analysis in Figure 1D and Figure S1E).
Pulses at the same location were suppressed for a variable
time period with the median interval between pulses of 63 s.
All parameters showed significant variability (Table S1).
Repetitive local protrusions of lamellipodia have been previ-
ously observed as cells move forward, get traction, and turn
[13–15]. The space and time constants of Ca2+ pulses were
similar to the space and time constants of these reported
protrusions and also similar to protrusions we observed in
HUVEC (Figure 1D) [5, 6, 14, 16]. Temporal and spatial autocor-
relation analysis showed thatHUVECprotrusions hadamedian
repetition time of 67 s and diameter of 5.7 mm. Protrusions
were 25% longer than retractions, explaining how cells can
move forward despite the cyclic retractions (Figures S1F–
S1H). Compared to the median length of the leading edge as
53 mm, the much smaller distance of 5.7 mm over which protru-
sions were correlated argued that local lamellipodia along the
leading edge are triggered independently of each other (see
Table S2 for a detailed statistical analysis of lamellipodia).
Strikingly, a direct comparison between local Ca2+ signals
and lamellipodia membrane location and speed showed that
Ca2+ levels were higher when local lamellipodiawere retracting
and lower when they were protruding (Figures 2A and 2B). An
averaged time sequence analysis was performed by aligning
time courses from different cells and locations using the local
maximal retraction as the origin. This event time sequence
analysis (Figure 2C) showed that the peak of the Ca2+ pulse
occurred on average 9.1 6 1.3 s (mean 6 SEM) before the
maximal retraction speed (see Table S3 for statistical data).
This was followed by the maximal retraction and then a switch
to forward protrusion with the highest forward protrusion
speed corresponding to the lowest Ca2+ level. The subsequent
increase in Ca2+ marked again the conversion from protrusion
to retraction, closing the protrusion-retraction cycle. An
independent cross-correlation analysis gave a similar delay
time between local Ca2+ and speed (mean 6 SEM, Figure 2D;
Figure S2B).
When we separated protrusion and retraction events, the
cross-correlation analysis revealed that high Ca2+ correlated
much more strongly with retraction than low Ca2+ with protru-
sion (Figure S3A), consistent with the hypothesis that local
Ca2+ pulses control primarily retraction. Therefore, we directly
determined whether Ca2+ pulses trigger front retraction by
UV-induced Ca2+ photorelease from nitrophenyl (NP)-EGTA,
an intracellular chelator of Ca2+. Photoinduced small Ca2+
pulses (amplitude = 17.6 6 1.8 nM [mean 6 SEM]) were suffi-
cient to trigger rapid transient retraction of lamellipodia along
the leading edge (Figures 2E and 2F). Control experiments in
Figure 1. Identification of Ca2+ Release Pulses and Local Lamellipodia Protrusion-Retraction Cycles at the Leading Edge of Migrating Endothelial Cells
(A) Local Ca2+ pulses close to the front of migrating HUVEC cells. Middle panels show the time-series ratio images of the Ca2+ indicator Fura-2. Note the
temporal changes of local Ca2+ in the marked regions.
(B) Ca2+ pulses are primarily a result of Ca2+ release from internal Ca2+ stores. Left shows Ca2+ pulses continued after external Ca2+ was removed by adding
the chelator EGTA. Right shows bar graphs of frequency, amplitude, and basal level of Ca2+, before and after 2 mM EGTA addition (n = 24).
(C) Control experiment excludes motion artifacts in the Ca2+ measurements. Ratio images of Mag-Fura-2 did not show the same intensity changes
(Mag-Fura-2 does not change its intensity for small Ca2+ changes).
(D) Example of a single cell spatial and temporal autocorrelation analysis of Ca2+ pulses (upper panel) and leading edge speed (lower panel). Data are
mean 6 SEM.
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838cells without NP-EGTA showed no retraction (Figure S2C). In
additional control experiments, we suppressed local Ca2+
pulses by preventing Ca2+ release and influx (using thapsigar-
gin and the store-operated Ca2+ channel blocker BTP2) and
found a significant reduction in front retraction byw30% but
no effect on protrusion (Figure S2D). Thus, local Ca2+ pulses
are sufficient for lamellipodia retraction and the observedCa2+ pulses mediate a significant part of the physiologically
observed retraction. The Ca2+-triggered retraction likely coun-
teracts actin polymerization and lamellipodia protrusion by
Rac, CDC42, or other polymerization regulators [14, 16, 17].
As an added note, although cyclic small Ca2+ pulses were
frequent in the front of migrating cells, we also observed
occasionally global large Ca2+ spikes in HUVEC [8]
Figure 2. Local Ca2+ Pulses Trigger Local Retraction of Protruding Lamellipodia
(A) Panels showing a segment of a leading edge with a protruding and retracting local lamellipodia. Ca2+ pulses correlated with the retraction phase.
(B) The same correlation between Ca2+ pulses and retraction speed is observed in a color-coded contour line scan analysis along a leading edge segment.
Positive speed reflects membrane protrusion, and negative speed reflects membrane retraction.
(C) Event time sequence analysis comparing local Ca2+ concentration, leading edge position, and membrane protrusion speed. Time courses were
anchored at the origin using the time point where local lamellipodia were maximally retracted (n = 20).
(D) Cross-correlation analysis showing a 9.1 s delay between Ca2+ and retraction speed (n = 16).
(E and F) Intracellular photorelease using NP-EGTA and a UV light flash induced a 17 nM average Ca2+ increase similar to the native Ca2+ pulses. These small
Ca2+ pulses triggered rapid synchronous retraction of lamellipodia.
(E) Series of images of lamellipodia before and after UV pulse.
(F) Averaged front speed change after the UV pulse (n = 10). Error bars are mean 6 SEM.
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839(Figure S2A). Such cell-wide high-amplitude Ca2+ spikes
were much less frequent and caused a retraction of similar
size as small Ca2+ pulses despite the higher amplitude. This
suggested that they do not significantly contribute to the
overall regulation of cell migration and likely have other func-
tions, such as a potential regulation of endothelial sheet
permeability [18].
We then investigated where the small Ca2+ pulses act by
performing a cross-correlation analysis between the locationof the Ca2+ signal and retraction speed. This showed that
Ca2+ signals centered 6.6 6 0.5 mm (mean 6 SEM) behind
the front have the highest correlation with lamellipodia retrac-
tion (Figure 3A; Figure S3A). We verified that the endoplasmic
reticulum (ER), where most intracellular Ca2+ originates from,
reaches to this region (Figures S3B and S3C). We also noted
that this distance corresponds to a previously described
boundary between the lamellipodia and the lamella, a less
dynamic actin structure behind the lamellipodia [5, 7].
Figure 3. Lamellipodia Retraction Is Mediated by
Ca2+ Activation of Myosin Light-Chain Kinase
andMyosin II in a Region behind the Lamellipodia
(A) Spatial correlation analysis of Ca2+ signals
versus front retraction. The highest correlation
was in a region 6.7 6 0.5 mm from the leading
edge (n = 22).
(B) Left shows images of cells stained with phos-
phomyosin light-chain 2 (Ser19) antibodies and
phalloidin to mark polymerized actin. Right
shows activemyosin II increased 5–10 mmbehind
the leading edge (n = 63). pMLC, phosphomyosin
light-chain 2.
(C) Inhibition of myosin II (10 mM blebbistatin)
reduced the retraction length, but not protrusion,
of local lamellipodia (n = 29, blebbistatin group;
n = 29, control group).
(D) UV pulse-mediated small Ca2+ increase failed
to change retraction in cells pretreated with bleb-
bistatin (n = 21, ‘‘–’’ group; n = 19, ‘‘+’’ group).
(E) Knockdown of MLCK1 had no significant
effect on the average lamellipodia protrusion
length but shortened the average retraction (n =
44, siMLCK1 group; n = 37, siCntrl group.)
(F) Near-complete loss of the cross-correlation
between Ca2+ pulses and lamellipodia retraction
in cells with knockdown MLCK1 (n = 6, siMLCK1;
n = 16, siCntrl.). Error bars are mean 6 SEM.
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have been shown to regulate lamellipodia retraction [5, 7],
we used quantitative immunostaining and showed that the
concentration of active myosin light-chain (phosphorylated
at Ser19) started to increase at an average distance of
5 mm behind the leading edge (Figure 3B). Using the myosin
II inhibitor blebbistatin [19], we further showed that lamelli-
podia retraction was reduced by w25% after blocking
myosin II, whereas lamellipodia protrusion was not affected
(Figure 3C; Figure S4). This suggested that even though
the Ca2+ pulses are small, they are likely sufficient to
activate myosin II and thereby retract local lamellipodia.Indeed, when we used UV activation
of NP-EGTA to create small Ca2+
pulses (17.6 6 1.8 nM above basal)
in cells pretreated with blebbistatin,
lamellipodia retraction was inhibited
(Figure 3D).
To identify a molecular link from Ca2+
to myosin II, we then tested whether
these small Ca2+ pulses may activate
myosin light-chain kinase (MLCK), a
Ca2+/calmodulin-regulated kinase that
activates myosin II and is present in
endothelial cells [20]. Indeed, knock-
down of MLCK1 by small interfering
RNA had no significant effect on
lamellipodia protrusion but significantly
reduced the mean retraction by w25%
(Figure 3E), phenocopying the blebbis-
tatin myosin II inhibition results. The
same retraction phenotype could also
be replicated using ML-7, an MLCK
inhibitor (Figure S3D). Even more
convincingly, a cross-correlation anal-
ysis showed a nearly complete lossof correlation between Ca2+ pulses and retraction in MLCK1
knockdown cells (Figure 3F). Local Ca2+ pulses themselves
were still triggered in the MLCK1 knockdown cells (Fig-
ure S3F). Together, our results show that local Ca2+ release
pulses act in a region 5–8 mm behind the leading
lamellipodia edge, where they activate MLCK and myosin II,
which in turn triggers local actin contraction. As a conse-
quence, each Ca2+ pulse retracts a locally protruding lamelli-
podia, providing a molecular mechanism for the observed
asynchronous local lamellipodia protrusion-retraction cycles
along the leading edge of endothelial and possibly other
migrating cells.
Figure 4. A Local Cycle of Protrusion, Retraction, and Adhesion Controlled by Local Ca2+ Pulses
(A) Time-course analysis comparing the adhesion marker GFP-paxillin to front speed. Note that front retraction corresponds to higher local paxillin puncta
intensity.
(B) Cross-correlation analysis of Ca2+ versus focal adhesion (GFP-paxillin) and front speed shows that local GFP-paxillin assembly is maximal 15.76 2.7 s
after the Ca2+ pulse (n = 40 adhesion sites from eight cells).
(C and D) UV photorelease of Ca2+ caused a rapid increase of GFP-paxillin intensity in the lamellipodial adhesions (average of 150 adhesion sites from ten
cells).
(E and F) Addition of the myosin II inhibitor blebbistatin caused rapid disassembly of nascent adhesions along the leading edge (n = 18, blebbistatin group;
n = 16, control group.).
(G) Schematics of the Ca2+ pulse-driven local lamellipodia retraction-adhesion cycle. Error bars are mean 6 SEM.
Ca2+ Pulses Control Cell Migration
841These results left open the question of whether Ca2+-trig-
gered local myosin II activation also influences cell adhesion.
This is important because protrusion-retraction cycles without
new adhesion sites would be a futile enterprise for cellmovement. A link from Ca2+ to cell adhesion in the front ap-
peared plausible because mechanical force application to
focal adhesion connected actin cables can increase adhesion
[6, 21] and lamellipodia retraction has been shown to occur in
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842parallel with more focal adhesion [6]. Markedly, using GFP-
paxillin as an early marker for adhesion formation, we found
that local Ca2+ pulses precede a transient increase in the
intensity of small nascent GFP-paxillin patches in leading
lamellipodia. It was surprising to see that these local paxillin
patches in the front grow at high local Ca2+ during front retrac-
tion but then typically decrease in size at low Ca2+ during the
lamellipodia protrusion phase (Figure 4A). A statistical analysis
showed that the transient maximal local GFP-paxillin intensity
was reached 15.7 6 2.7 s (mean 6 SEM) after the peak of the
local Ca2+ pulse (Figure 4B). To directly determine whether
Ca2+ signals enhance adhesion, we again used photorelease
of Ca2+ and demonstrated that small increases in Ca2+ trig-
gered rapid increases in local GFP-paxillin intensity in the front
(Figures 4C and 4D).
Control experiments showed that inactivation of myosin II
using blebbistatin [19] led to a rapid disassembly of the local
paxillin patches (Figures 4E and 4F; mCitrine tags and low light
levels were used to minimize photodamage). This confirmed
that nascent adhesion sites in the front are rapidly reversible
if myosin II activity is transiently lowered. Thus, each local
Ca2+ pulse can grow the size of nascent paxillin adhesion sites
by transient activation of myosin II, and the same sites can
then partially disassemble between Ca2+ pulses when myosin
II activity is lower. Together, these results argue that local Ca2+
pulses create a local force field by MLCK and myosin II-medi-
ated actin contraction, which in turn transiently strengthens
mechanically connected adhesion sites within the nearby
lamellipodia. This creates a Ca2+-driven local adhesion cycle
in the front that acts in synchrony with the local lamellipodia
retraction cycle.
Our study introduces a local Ca2+-driven lamellipodia retrac-
tion and adhesion circuit that dynamically shapes the leading
edge of migrating cells (Figure 4G). Together with the previous
evidence that Ca2+ signals regulate polarization [1, 2] and
turning [3, 4], our study suggests that local Ca2+ pulses have
two primary functions: The first role is to create stochastic
cyclic protrusions of local lamellipodia along the front that
facilitates sensing of external cues. The second role is to
promote forward migration and turning by strengthening local
adhesion either symmetrically along the front or selectively
on the left or right. Previous studies have shown that small
turns created by biased local protrusion and adhesion
generate a biased random walk that explains observed
chemotaxis behaviors [14, 15, 22, 23]. This argued that local
receptor signaling mechanisms may control these local
protrusion, retraction, and adhesion events. Our study
suggests that local Ca2+ pulses, if generated by local receptor
signals [8], can serve as one such local signaling mechanism
that regulates speed, spatial sensing, turning, and chemotaxis
of migrating cells by triggering local lamellipodia retraction
and adhesion.
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Supplemental Information includes four figures, three tables, and Supple-
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